Reconstitution into liposomes of the B°-like glutamine-neutral amino acid transporter from renal cell plasma membrane  by Oppedisano, Francesca & Indiveri, Cesare
Biochimica et Biophysica Acta 1778 (2008) 2258–2265
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamemReconstitution into liposomes of the B°-like glutamine-neutral amino acid
transporter from renal cell plasma membrane
Francesca Oppedisano, Cesare Indiveri ⁎
Department of Cell Biology, University of Calabria, Via P. Bucci 4c, 87036 Arcavacata di Rende, ItalyAbbreviations: pOHMB, p-hydroxymercuribenzoate
nium)ethyl] methanethiosulfonate; CxEy, alkyl(x)-poly(y
(methylamino)isobutyric acid; PLP, pyridoxal-5-phospha
heptane-2-carboxylic acid; NEM, N-ethylmaleimide; NP
⁎ Corresponding author. Dipartimento di Biologia Cell
Via P. Bucci cubo 4c, 87036 Arcavacata di Rende (CS), Ita
+39 0984 492911.
E-mail address: indiveri@unical.it (C. Indiveri).
0005-2736/$ – see front matter © 2008 Elsevier B.V. A
doi:10.1016/j.bbamem.2008.05.011a b s t r a c ta r t i c l e i n f oArticle history: Na+ dependent [3H]glutamin
Received 2 March 2008
Received in revised form 20 May 2008
Accepted 27 May 2008
Available online 3 June 2008
Keywords:
Plasma membrane
Transport
Liposome
Reconstitution
Glutamine
Amino acid
B°e uptake was found in liposomes reconstituted with solubilized rat kidney brush
border in the presence of intraliposomal K+. The reconstituted system was optimised with respect to the
critical parameters of the cyclic detergent removal procedure, i.e., the detergent used for the solubilization,
the protein concentration, the detergent/phospholipid ratio and the number of passages through a single
Amberlite column. Time dependent [3H]glutamine accumulation in proteoliposomes occurred only in the
presence of external Na+and internal K+. The transporter showed low if there is any tolerance towards the
substitution of Na+ or K+ for other cations. Valinomycin strongly stimulated the transport indicating that it is
electrogenic. Intraliposomal glutamine had no effect. From the dependence of the transport rate on the Na+
concentration cooperativity index close to 1 was derived, indicating that 1 Na+ should be involved in the
cotransport with glutamine. The electrogenicity of the transport originated from the Na+ transport. Optimal
rate of 0.1 mM [3H]glutamine uptake was found in the presence of 50 mM intraliposomal K-gluconate. At
higher K-gluconate concentrations the transport rate decreased. The activity of the reconstituted transporter
was pH dependent with optimal function in the range pH 6.5–7.0. [3H]glutamine (and [3H]leucine) uptake
was inhibited by all the neutral but not by the positively or negatively charged amino acids. The sulfhydryl
reagents HgCl2, mersalyl, p-hydroxymercuribenzoate and the substrate analogue 2-aminobicyclo[2,2,1]
heptane-2-carboxylate strongly inhibited the transporter, whereas the amino acid analogue α-(methylami-
no)isobutyrate had no effect. The inhibition by mersalyl was protected by the presence of the substrate. On
the basis of the Na+ dependence, the electrogenic transport mode and the speciﬁcity towards the amino
acids, the reconstituted transporter was classiﬁed as B°-like.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Transport of amino acids across the plasma membrane of
mammalian cells is carried out by transport systems that operate
with different mechanisms and exhibit variable speciﬁcity toward
amino acids. This heterogeneity allows all the amino acids to be
translocated [1–6]. Among the amino acid transport systems
expressed in the kidney or intestine cells, there is a restricted group
of transporters that share the speciﬁcity towards glutamine but have
different selectivity towards other amino acids and different mechan-
isms of transport[7,8]. Besides performing the function of supplying
various amino acids to the cells, these transporters play the important
function of mediating intestinal and renal (re)absorption of glutamine; MTSET, [2-(trimethylammo-
)oxyethylene ether; MeAIB, α-
te; BCH, 2-aminobicyclo[2,2,1]
M, N-phenylmaleimide
ulare, Università della Calabria,
ly. Tel.: +39 0984 492939; fax:
ll rights reserved.that is important both under physiological and physiopathological
conditions like metabolic acidosis. The glutamine-speciﬁc transpor-
ters can be functionally classiﬁed in two main groups: the sodium-
independent transporters, which use amino acid concentration
gradient to drive the transport; the sodium-dependent transporters,
which require Na+ gradients for driving the transport of amino acids.
Themost known glutamine transporters are named systems L and b°′+,
which belong to the ﬁrst group and systems ASCT2/ATB°, N, B°′+, A
and y+L, which belong to the second group. These transport systems
can be further distinguished on the basis of several properties like the
high (N and y+L) or low (ASCT2) tolerance towards the substitution of
Na+ by Li+, the different speciﬁcity for amino acids, the sensitivity to
inhibitors like the amino acid analogue MeAIB (system A) and the
mechanism of transport. More recently another sodium-dependent
amino acid transporter which is also speciﬁc for glutamine has been
identiﬁed: B°AT1 [9]. This transport system, which belongs to the
SLC6 transporter family, is highly expressed in mouse kidney and is
speciﬁc for all the neutral amino acids, which are cotransported with
sodium[9–14]. B°AT1 corresponds to the transport system, previously
found in bovine renal epithelial cells, named B° [15]. Mutations of the
B°AT1 gene (SLC6A19) cause the Hartnup disorder [16,17].
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amino acid transporters derive from studies performed in cell systems
(over)expressing the transporters. A glutamine/amino acid transpor-
ter has been recently studied using liposomes reconstituted with
solubilized renal brush borders. The transporter was identiﬁed as
ASCT2 on the basis of its functional properties. In that case the
liposome system has been helpful in clarifying and unraveling
functional properties that could not be investigated in intact cells
[18,19]. In the present study a procedure has been pointed out for
efﬁcient reconstitution in liposomes of a rat kidney transport system
which is speciﬁc for glutamine and neutral amino acids; it shows all
the basic functional properties of B°AT1; thus, it has been classiﬁed as
B°-like. Functional aspects of the reconstituted transporter have been
revealed. The procedure described represents a tool for further
functional and kinetic studies of this or of heterologously expressed
transporters related with the SLC6 cluster.
2. Materials and methods
2.1. Materials
Amberlite XAD-4, egg yolk phospholipids (3-sn-phosphatidylcoline from egg yolk)
C8E4 and C12E8 were purchased from Fluka; L-[3H]glutamine and L-[3H]leucine from GE
Healthcare; Sephadex G-75, Triton X-100, and Triton X-114 from Sigma-Aldrich; MTSET
from Toronto Research Chemicals (North York, Ontario, Canada). All other reagents
were of analytical grade.
2.2. Solubilization of the B°-like transporter
Brush-border membranes were prepared from rat kidney and stored as previously
described [18,20]. The transporter was solubilized by treating the membrane
preparation (50 μl, about 0.2 mg protein) with 1.3% C12E8, 20 mM Hepes/Tris pH 7.0
in a ﬁnal volume of 200 μl and centrifuged at 13,000 g for 4 min at 4 °C. The supernatant
(extract) was used for the reconstitution.
2.3. Reconstitution of the B°-like transporter in liposomes
The B°-like transporter was reconstituted by the cyclic detergent removal
procedure [21,22] with appropriate modiﬁcations. In brief, mixed micelles containing
detergent, protein and phospholipids were repeatedly passed through the same
Amberlite XAD-4 column. The composition of the initial mixture used for reconstitution
was: 15 μl of the solubilized protein (about 10 μg protein in 1.3% C12E8), 80 μl of 10%
C12E8, 100 μl of 10% egg yolk phospholipids in the form of sonicated liposomes prepared
as described in Ref. [22], 50 mM K-gluconate and 20 mM Hepes/Tris pH 7.0 (except
when differently speciﬁed in the legends to Figs.) in a ﬁnal volume of 700 μl. After
vortexing, this mixture was passed 20 times through the same Amberlite XAD-4
column (0.5 cm diameter×2.5 cm height) preequilibrated with a buffer of the same
composition of the initial mixture but without protein, phospholipid and detergent. All
the operations were performed at 4 °C, except the passages through Amberlite XAD-4,
which were carried out at room temperature.
2.4. Transport measurements
To remove the external buffer, 550 μl of proteoliposomes were passed through a
Sephadex G-75 column (0.7 cm diameter×15 cm height) preequilibrated with 20 mM
Hepes/Tris pH 7.0 and sucrose at an appropriate concentration to balance the internal
osmolarity. Transport was started by adding 0.1 mM [3H]glutamine or [3H]leucine and
50 mM Na-gluconate (except when differently speciﬁed in the legends to Figs.) to the
proteoliposomes, and stopped by adding 20 μMmersalyl at the desired time interval. In
control samples the inhibitor was added at time zero according to the inhibitor stop
method [23]. The assay temperature was 25 °C. Finally, each sample of proteoliposomes
(100 μl) was passed through a Sephadex G-75 column (0.6 cm diameter×8 cm height) in
order to separate the external from the internal radioactivity. Liposomes were eluted
with 1 ml 50 mM NaCl and collected in 4 ml of scintillation mixture, vortexed and
counted. For the determination of the [3H]glutamine or [3H]leucine uptake, the
experimental values were corrected by subtracting the respective controls (samples
inhibited at time zero). The radioactivity associated to the control samples, representing
the (mersalyl-insensitive) unspeciﬁc diffusion was less than 5% of the [3H]glutamine or
about 50% of the [3H]leucine taken up by the (mersalyl-sensitive) transporter mediated
process. Transport rate was measured by stopping the reaction after 10 min, i.e., within
the initial linear range of labeled substrate uptake into the proteoliposomes.
To generate K+ diffusion potential, 50 mM K-gluconate (except when differently
speciﬁed in the legends to Figs.) was added to the reconstitution mixture. After removal
of the external salts and buffers by Sephadex G-75 chromatography, as above described,
valinomycin (0.75 μg/mg phospholipid) in 3 μl ethanol/water 1:1 was added to the
proteoliposomes. The amount of ethanol added did not exert any effect on the transport
activity.2.5. Other methods
The protein concentration was determined by the modiﬁed Lowry procedure [24].
The internal volume of the proteoliposomes was measured as previously described
[21,25].
3. Results
3.1. Optimal conditions for reconstitution
Brush-border membranes were solubilized with 1.3% Triton X-100,
Triton X-114, C12E8 or C8E4. The extracts obtained (about 30 μg protein)
were reconstituted into liposomes and the transport activity assayed
as [3H]glutamine uptake in proteoliposomes in the presence of
intraliposomal 50mMK-gluconate and external 50 mMNa-gluconate.
[3H]glutamine uptake of 8 nmol 20 min−1 mg protein−1 was measured
in liposomes reconstituted with C12E8 solubilized brush border. The
protein solubilized with Triton X-100 exhibited about 70% of the
transport activity of that obtained with C12E8. Triton X-114 and C8E4
were almost ineffective in the solubilization of the transporter in
active form.
The parameters that inﬂuence the efﬁciency of incorporation of the
transport protein into the liposomes i.e., the protein concentration,
the detergent/lipid ratio, the number of passages through the same
Amberlite XAD-4 column [18,21,26] were optimised (experiments not
shown). In these experiments, the [3H]glutamine uptake into
proteoliposomes in 20 min was measured as function of each
parameter. In all the experiments, the intraliposomal volume, that
gives information on the liposome formation, was also determined.
The transport increased with the protein concentration up to 12 μg/
ml; above this value, a reduction of transport was observed. The
intraliposomal volume of 4 μl/mg phospholipid slightly decreased by
increasing the protein concentration, indicating that higher concen-
trations of protein cause the formation of less or smaller liposomes.
The detergent/lipid ratio strongly inﬂuenced the transport activity,
which reached optimal value at a detergent/lipid ratio of 0.83 (mg/mg)
and then slightly decreased at higher detergent/lipid ratios. This
parameter inﬂuenced also the internal volume of the proteolipo-
somes, although less strongly than the transport activity. Maximal
internal volume was observed at detergent/lipid ratio of 0.83. The
transport activity increased with the number of columns passages up
to about 35 nmol 20 min−1 mg protein−1 at 18 passages and then
remained nearly constant by further increasing the number of
passages up to 24. The intraliposomal volume increased with the
number of passages up to about 3.2 μl/mg phospholipid at 10 passages
and remained nearly constant in the range from 10 to 22 passages.
According to the results described, a protein concentration of about
10 μg/ml, a detergent/lipid ratio of 0.83 and 20 column passages were
used in the experiments.
3.2. Functional characterization
The time course of 0.1 mM [3H]glutamine uptake in proteolipo-
somes has been studied in the presence of external Na-gluconate
and different intraliposomal cations: Na+, K+ or Li+. The results are
summarized in Fig. 1A. Signiﬁcant uptake of [3H]glutamine was
revealed only in the presence of internal K+, both as chloride or
gluconate salt; under this condition the uptake increased as function
of the time up to 50 and 39 nmol/mg protein in the presence of
internal K-gluconate or KCl, respectively; the equilibrium was
reached at about 60 min; then a slight decrease of intraliposomal
radioactivity was observed. Similar results were obtained using
external NaCl instead of Na-gluconate (not shown). Nearly no [3H]
glutamine uptake was detected in the presence of internal LiCl or
internal Na+, both as gluconate and (not shown) chloride salt,
indicating that the [3H]glutamine uptake was dependent on internal
K+ and did not tolerate the substitution of K+ for Na+ or Li+. In the
Fig. 2. Dependence of glutamine transport on the extraliposomal concentration of Na+.
Transport rate was measured as 0.1 mM [3H] glutamine uptake in 10 min into
proteoliposomes containing 50 mM K-gluconate in the presence of the indicated
concentrations of external Na-gluconate; in (●) valinomycin was added to the
proteoliposomes together with the labeled substrate (see Materials and methods).
Data represents means±S.D. from three experiments.
Fig. 1. Time course of glutamine uptake by reconstituted proteoliposomes. (A) 0.1 mM
[3H]glutamine together with 50 mM Na-gluconate was added at time zero to
proteoliposomes containing 50 mM K-gluconate (●,○), KCl (□), LiCl (■), Na-gluconate
(Δ), or K-gluconate plus 30 mM glutamine (▼); in (▲), external Na-gluconate was
omitted or (▽) replaced by LiCl; in (○,▼,▽) valinomycin was added to the proteo-
liposomes together with the labeled substrate (see Materials and methods); inset,
semilogarithmic replot of (●) and (○) up to 30 min: Tt and Te are the transport values
at time t and at equilibrium, respectively; (B) 0.1 mM [3H]glutamine together with
50 mM Na-gluconate was added at time zero to proteoliposomes containing 50 mM
K-gluconate; after 60 min incubation valinomycin was added to the proteoliposomes
(see Materials and methods). The transport reaction was stopped at the indicated
times, as described in Materials and methods. Data represents means±S.D. from
three experiments.
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slow [3H]glutamine uptake was found, which reached at 180 min
about the same value of the residual radioactivity measured in the
presence of external Na+. Similar results were obtained with external
50 mM LiCl, KCl or K-gluconate (not shown). The addition of
valinomycin to the proteoliposomes led to a strong stimulation of
the transport, which reached a maximum of 167 nmol/mg protein at
30 min. Then, a strong reduction of intraliposomal radioactivity ([3H]
glutamine efﬂux) was observed after 30 min, indicating that the
cotransport of 50 mM Na+ with 0.1 mM glutamine caused
accumulation of glutamine in the proteoliposomes with a temporary
outwardly directed glutamine gradient (overshoot). The presence of
internal glutamine did not further inﬂuence the [3H]glutamine
uptake excluding both the occurrence of amino acid antiport or
trans-inhibition. The substitution of external Na+ with Li+, in the
presence of valinomycin, lead to a very slow uptake of [3H]glutamine
which was only slightly higher than in the absence of Na+, indicating
a very low tolerance for the substitution of Na+ for Li+. The
experimental data up to 30 min of the experiments performed in
the presence of internal K-gluconate and external Na-gluconate, both
in the presence and absence of valinomycin were replotted in a
logarithmic form (inset of Fig. 1A). In both the cases linear
dependences were found indicating ﬁrst order processes, i.e., the
observed uptake was catalysed by a single transport system. The ﬁrst
order rate constants k, derived from the replots were 0.062 min−1 or0.084 min−1 and the transport rate, calculated as the product of k
and the transport at equilibrium, was 3.1 or 15.3 nmol min−1 mg
protein−1 in the absence or presence of valinomycin, respectively.
The data suggested that electrogenic Na+-glutamine symport
occurred in reconstituted liposomes which was dependent on
intraliposomal K+. Analogous K+ dependent [3H]leucine uptake,
which was stimulated by the presence of valinomycin was found
under the same experimental conditions of Fig. 1A (not shown). To
gain further insights on the question where the electrogenicity
originates and whether K+ is transported, further experiments were
performed. The [3H]glutamine uptake in the presence of Na+ was
measured in proteoliposomes containing K+ as in the experiment of
Fig. 1A. After the apparent equilibrium was reached at 60 min,
valinomycin was added to the same proteoliposomes. The transport
was strongly stimulated (Fig. 1B) as found in the previous
experiment and the [3H]glutamine uptake reached 176 nmol/mg
protein i.e., nearly the same value of the experiment of Fig. 1A, in
which valinomycin was added at time zero. These data indicated
that in the ﬁrst 60 min the Na+-glutamine cotransport generated a
membrane potential positive inside which opposed the Na+-[3H]
glutamine coupled uptake; this membrane potential was compen-
sated by the efﬂux of K+ mediated by valinomycin with the
consequent reactivation of the cotransport. These data also indicated
that the reconstituted transporter did not mediate K+ efﬂux. The
dependence of the transport on the Na+ concentration was studied
(Fig. 2). As shown by the ﬁgure, the transport rate increased with
increasing Na+ concentrations according to a saturable process. The
data interpolated in the Hill equation gave cooperativity indexes of
1.0±0.29 and 0.97±0.28 (from three experiments) in the presence or
absence of valinomycin, respectively, indicating that 1 Na+ is most
probably transported together with glutamine. Half saturation
constants (Km) for Na+ of 12±0.90 and 5.2±0.91 mM (from three
experiments) in the presence or absence of valinomycin, respectively
were derived from the experiment. The dependence on internal K+
of the glutamine transport in the proteoliposomes was investigated.
As shown by Fig. 3A the [3H]glutamine transport rate increased from
about 0.1 to 2.1 nmol min−1 mg protein−1 with increasing K+
concentrations up to 50 mM. At higher concentration of K+ the
transport rate decreased to a value lower than 50% of that found at
50 mM K+. A similar dependence was found in the presence of
external K+ at the same concentrations of the internal K+, i.e., in the
absence of K+ gradient. In this case, however, the transport rate was
lower than in the absence of external K+, except that at 10 mM K+. A
similar behaviour was observed in the presence of external Li+
Fig. 3. Dependence of glutamine transport on the intraliposomal concentration of K+.
Transport rate was measured as 0.1 mM [3H] glutamine uptake in 10 min into
proteoliposomes containing K-gluconate at the indicated concentrations, in the
presence of external 50 mM Na-gluconate and (○) 0.5 mM K-gluconate or (●) the
same concentration of K-gluconate present inside the proteoliposomes; in (B)
valinomycin was added (see Materials and methods). Data represents means±S.D.
from three experiments.
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inhibited the transport, probably competing with Na+. This observa-
tion suggests that K+ is not transported from inside to outside, in
agreement with the data of Fig. 1B. The dependence on internal K+
was studied in the presence of valinomycin (Fig. 3B). A pattern
similar to that found in the absence of valinomycin was observed,
with a peak at 50 mM K+. In agreement with the data in Fig. 1A, in
the presence of valinomycin the transport rate at 50 mM K+ was
about four fold that in the absence. In Fig. 4 the dependence of the
ratio between the transport rate in the presence and absence ofFig. 4. Dependence on the Na+ and K+ concentration of the ratio between the transport
rate in the presence and absence of valinomycin. The ratios were calculated from the
data of Fig. 2 for the Na+ (●) and Fig. 3A and B for the K+ (○) concentrations, respectively.valinomycin, on the concentration of Na+ or K+ (derived from Figs. 2
and 3) is reported. This parameter, which, represents the electro-
genicity, was not affected by the concentration of K+, whereas it
depended on the concentration of Na+. This conﬁrmed that K+ only
stimulated, but was not involved in the transport; Na+ generated the
electrogenicity being involved in the transport process.
The dependence of the transport on the pH has been studied.
[3H]glutamine transport rate was very low at pH 5.5. It strongly
increased by increasing the pH with optimal transport in the range
pH 6.5–7.0, then it decreased slightly at pH 7.5, more strongly at pH
8.0 (Fig. 5).
3.3. Speciﬁcity towards amino acids and inhibitors
The speciﬁcity of the reconstituted transporter towards the amino
acids was investigated. To achieve this object, the effect of externally
added amino acids on the [3H]glutamine or [3H]leucine uptake in the
proteoliposomes was studied. Fig. 6 shows the residual transport
activity (compared to the controls with no addition) in the presence of
each amino acid. Lys, Asp, Arg and Glu did not exert any signiﬁcant
effect on the transport. The lowest extent of inhibitionwas observed in
the presence of Gly. The inhibition increased in the presence of the
other neutral amino acids, as indicated in the ﬁgure, with a similar
pattern with [3H]glutamine or [3H]leucine as substrate, even though
some amino acids exerted a slightly lower inhibition on [3H]leucine
than on [3H]glutamine uptake. Higher S.D. values were associated
with the average values of the [3H]leucine residual activity data (see
also Materials and methods). Gln, Asn, Ala, Val, Ile, Cys, Phe, Leu and
Met, at 5 mM, led to nearly complete inhibition, whereas Lys, Asp, Arg
and Gluwere still ineffective. Overlapping results were obtained in the
presence of valinomycin (not shown).
In another experiment the sensitivity of the transporter to
substrate analogues and to reagents which speciﬁcally react with
amino acid residues of proteins was investigated (Fig. 7). The amino
acid analogue BCH was an effective inhibitor whereas MeAIB and
creatine did not inhibit at all the transporter. The thiol speciﬁc
reagents mersalyl, pOHMB and HgCl2 strongly inhibited the transpor-
ter. NPM and MTSET, at the concentrations normally used to modify
proteins, had a lower inhibitory effect whereas NEM had no effect on
the transport. The lysine reagent PLP poorly inhibited the transporter
at the concentration of 10 mM whereas it was completely ineffective
at 1 mM. The inhibition by the substrate analogue BCH and the thiol
reagents mersalyl was further investigated as dependence on the
reagent concentration. Fig. 8 shows the dose-response curves for theFig. 5. Effect of pH on the reconstituted transporter. All the experimental procedures
from the reconstitution to the transport measurement (see Materials and methods)
were performed in 20 mM Hepes/Tris buffer at the indicated pH. Transport rate was
measured as 0.1 mM [3H] glutamine uptake in 10 min into proteoliposomes containing
50 mM K-gluconate, in the presence of 50 mM external Na-gluconate. The results are
means±S.D. of three experiments.
Fig. 6. Speciﬁcity of the reconstituted transporter towards amino acids. Transport was measured as 0.1 mM [3H]glutamine (white bars) or [3H]leucine (grey bars) uptake into
proteoliposomes in the presence of 50mM internal K-gluconate and 50mM external Na-gluconate, in 10 min.1 mM of the indicated amino acids was added together with the labeled
substrates. Percent residual activity was calculated for each experiment with respect to the control samples (referred as 100%), i.e., no added amino acids. The results are means±S.D.
of the percentages for three experiments. The average transport activity of the control samples was 18±2.8 nmol 10 min−1 mg protein−1 and 15±6.5 nmol 10 min−1 mg protein−1 for
[3H]glutamine or [3H]leucine, respectively.
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though at very different concentrations. The IC50 of the transporter for
the reagents was calculated. The values were 1.4±0.52 mM or 2.0±
0.5 μM for BCH or mersalyl, respectively.
The inﬂuence of the substrate on the inhibition of the transporter
by mersalyl was investigated. As shown in Fig. 9, the [3H]glutamine
uptake was inhibited 72% by the addition of 3 μM mersalyl in
agreement with the data of Figs. 7 and 8. The presence of 0.1 mM or
1 mM glutamine reduced the inhibition to 60% or 16% respectively
indicating that the substrate prevented the binding of the inhibitor to
the transporter.
Since it was previously found that the reconstituted ASCT2
glutamine/amino acid transporter was activated by intraliposomal
(intracellular) nucleotides [18,19], the effect of ATP, ADP and AMP was
investigated on the reconstituted proteoliposomes under the condi-
tions pointed out in this work. The nucleotides were included in theFig. 7. Speciﬁcity of the reconstituted transporter towards inhibitors. Transport was
measured as 0.1 mM [3H]glutamine uptake into proteoliposomes containing 50 mM
internal K-gluconate, in the presence of 50 mM external Na-gluconate, in 10 min. The
inhibitors at the mM concentrations indicated in brackets were added 1 min before the
labeled glutamine. Percent residual activity was calculated for each experiment with
respect to the control sample (referred as 100%), i.e., in the absence of inhibitor. The
results are means±S.D. of the percentages for three experiments. The average transport
activity of the control samples of the three experiments analysed was 17±3.9 nmol
10 min−1 mg protein−1.internal compartment of the proteoliposomes or externally added to
the vesicles. The uptake of [3H]glutamine did not vary more than 5% in
the presence of ATP, ADP or AMP at concentrations ranging from 0.1 to
6 mM both inside or outside the proteoliposomes. This indicated that
none of the nucleotides exerted signiﬁcant effect on the reconstituted
transporter.
4. Discussion
A transport system which catalyses electrogenic symport of
glutamine with Na+ has been solubilized from renal cell plasma
membrane and reconstituted in liposomes. [3H]glutamine was
preferentially used to follow the activity of the reconstituted
transporter since it is more hydrophilic and, consequently, less
permeable than other neutral amino acids like leucine or phenylala-
nine to the phospholipid vesicles. Due to this feature the radioactivity
background, i.e., the non-protein mediated uptake (diffusion) was
nearly negligible using [3H]glutamine, but comparable to the trans-
port signal using [3H]leucine (see also Materials andmethods section).Fig. 8. Dose-response curves for the inhibition of the reconstituted transporter by
mersalyl and BCH. Transport rate was measured as 0.1 mM [3H] glutamine uptake in
10 min in proteoliposomes containing 50 mM K-gluconate, in the presence of 50 mM
external Na-gluconate. Mersalyl or BCH were added at the indicated concentrations to
the proteoliposomes 1 min before the labeled glutamine. Percent residual activity with
respect to the control are reported. The control activity (uninhibited [3H]glutamine
transport) was 2.9±0.70 nmol min−1 mg protein−1; the values are means±S.D. from
three experiments.
Fig. 9. Inﬂuence of substrate on the inhibition of the reconstituted transporter by
mersalyl. Reconstituted proteoliposomes were treated as described in the ﬁgure before
the transport assay: glutamine at the concentrations in brackets and/or mersalyl (3 μM)
were added to proteoliposome samples where indicated by (+). All samples were then
passed through Sephadex G-75 columns to remove unreacted inhibitor and substrate;
transport rate was then measured, in the presence of 50 mM external Na-gluconate, as
0.1 mM [3H] glutamine uptake in 10 min in proteoliposomes containing 50 mM K-
gluconate; the values are means±S.D. from three experiments.
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measurements.
The reconstitution procedure was based on the detergent removal
from mixed micelles of detergent, protein and phospholipid [21,22].
This procedure, that was pointed out for the reconstitution of
mitochondrial transporters, has been recently modiﬁed and success-
fully used for the functional studies of the plasma membrane
glutamine/amino acid (ASCT2) and carnitine (OCTN2) transporters
[18,19,26]. The proteoliposome system presents some advantages
with respect to the cell systems like the possibility to control the
experimental conditions in the internal compartment, the reduction
of interferences due to the virtual absence of external and internal
enzymes. In addition, this type of reconstitution procedure leads to
the formation of proteoliposomes larger than those obtained with
other methods like the freeze–thaw-sonication; this feature allows to
increase the accumulation of radioactivity in the vesicles
[18,19,21,22,26]. The reconstituted transporter has been classiﬁed as
B°-like since its basic functional properties correspond to those of
B°AT1, expressed and characterized in cell systems [9,11,12]: the Na+-
dependence, the low tolerance for Li+, the independence of Cl−, the
electrogenic symport mode of transport, the speciﬁcity for neutral
amino acids, the lack of inhibition by charged amino acids.
Furthermore, the extent of inhibition exerted by the neutral amino
acids both on the [3H]glutamine and on the [3H]leucine transport, was
similar to that described for the B°AT1 transporter in intact cells. Even
though the reconstituted brush-border extract might contain other
transport proteins, the activity of the B°-like reconstituted transporter
was discriminated using appropriate experimental conditions: labeled
glutamine was used to test the transport, thus excluding several
transporter that do not accept this amino acid; the reconstituted
system was optimised with respect to parameters like the detergent,
phospholipid and protein concentrations, that are critical for each
single transporter [18,19,26]; furthermore, the use of the thiol reagent
mersalyl, allowed to subtract the non transporter mediated unspeciﬁc
diffusion. Speciﬁc functional differences allow to exclude that the
reconstituted transporter may correspond to other known glutamine-
speciﬁc transporters. In particular it can be excluded that the
measured transport activity could be due, even in part, to the
reconstituted ASCT2 transporter [18,19] for several reasons: i) the
ASCT2 transport system catalyses substrate antiport with no detect-
able net uptake activity; ii) optimal conditions for reconstitution of the
B°-like are different from those of the ASCT2 transporter; iii)glutamate and the NH2 reagent PLP, that inhibit ASCT2, do not inhibit
the B°-like transporter; iv) differently from the B°-like, the recon-
stituted ASCT2 transporter is activated by intraliposomal nucleotides
not by K+. The presence of activity of the other known glutamine
transporters can also be excluded. Differently from the reconstituted
B°-like transporter, systems L and b°′+ are Na+-independent; system A
shows trans-inhibition and sensitivity to MeAIB; system y+L shows Li+
tolerance and speciﬁcity for cationic amino acids; system N shows Li+
tolerance, different speciﬁcities towards amino acids with respect to
the B°-like transporter and it is electroneutral; system B°′+ exhibits
speciﬁcity towards cationic amino acids and Cl− dependence [1–8];
the B° isoform B°AT2, differently from the reconstituted transporter,
was previously shown to not be inhibited by Cys, Tyr, Trp, Gly, poorly
inhibited by Gln and Ser but strongly inhibited by Pro [5,14,27]. The
source of the reconstituted transporter corresponds to the cellular
localization of B°AT1. The high level of expression in kidney [9,12,13]
well correlates with the higher transport activity of the reconstituted
B°-like transporter with respect to the other reconstituted rat kidney
transporters ASCT2 and OCTN2 under similar experimental conditions
[18,19,26]. Even though most of the experimental data here reported
are in favor of the identiﬁcation of the B°-like transporter as B°AT1, it
cannot be excluded that the reconstituted transporter may be a still
not identiﬁed B°-like isoform or a member of the SLC6 cluster
[9,11,13,28,29] which is expressed in kidney as the orphan XT2
(SLC6A18) or, less probably, the more phylogenetically distant from
B°AT1, XT3 (SLC6A20). However, it has been reported that: i) BBMV
isolated from mice lacking XT2 lost Gly but not Met or Leu transport
function [29], indicating that if XT2 is an amino acid transporter, it has
a different speciﬁcity respect to the reconstituted B°-like transporter;
ii) the substrates of the B°-like transporter Gln, Leu, Ala, Ile, Phe, Ser
and Val are not substrates of XT2 and XT3 [28]; the opossum ortholog
of the XT3, differently from the B°-like transporter, is very poorly
inhibited by Asn, Thr, Ser and is not inhibited by Gly and BCH [30].
The B°-like transporter is oriented in the reconstituted vesicles as
in the native membrane, as it was deduced by the dependence on
extraliposomal, not intraliposomal, Na+. The experimental data
suggested that 1 Na+ is cotransported with glutamine, in agreement
with data reported for the B°AT1 transporter in cell system [11]. An
interesting feature of the reconstituted transporter is the dependence
on intraliposomal K+ that, in vivo, corresponds to the intracellular K+.
Some experimental evidences suggest that K+ is not transported but
may act as a modulator: i) the transport rate decreased at K+
concentrations above 50 mM, indicating that internal K+ was not
exchanged for external [3H]glutamine; ii) the activation was found
also in the absence of K+in/K+out gradient; iii) the uptake of Na+ coupled
to [3H]glutamine stopped after about 1 h even in the presence of
intraliposomal K+, due to the generation of inside positive membrane
potential and was regained only by the subsequent addition of
valinomycin that mediated K+ efﬂux; iv) the electrogenicity of the
transport did not depend on K+ concentration. Dependence on
intracellular K+ was previously described for the glutamate transpor-
ters [4,5]. It was reported that K+ is transported in the case of the
neuronal and renal glutamate transporter [4,31,32], whereas the
cation is not transported by the glutamate/aspartate transporter of
enterocytes [33].
The physiological role of the dependence on K+ of the B°-like
transporter may be related with the signaling of the metabolic
condition of the cell. The intracellular concentration of K+ is inﬂuenced
by a complex regulation of apical K+ channel in kidney, which are
activated at sub-millimolar and inhibited at higher (millimolar) ATP
concentration [34]. Consequently, the intracellular K+ concentration
will decrease or increase, respectively, at lower or higher ATP level.
Thus, K+ may modulate the activity of the B°-like transporter in
response to the level of ATP. Modulation by ATP was previously found
for the reconstituted ASCT2, which is directly stimulated by higher
intracellular ATP level [18,19]. Since B°AT1 and ASCT2mediate uniport
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mechanism of modulation of their activity will regulate the balance
between net uptake and exchange of amino acids in response to the
metabolic state of the cell. This cross-talk between B°AT1 and
ASCT2 together with the peculiar speciﬁcity of ASCT2 towards
glutamate [19,35] support the occurrence and the modulation of the
tertiary active transport recently proposed by Broer, involving the
antiport of external glutamate with internal neutral amino acids
mediated by ASCT2, followed by reuptake of the neutral amino acids
by B°AT1 [5].
Theoptimal pH range found in the reconstituted systemwasdifferent
from that found for the B°AT1 overexpressed in cell system. This
discrepancymaybedue to the effectofmassive amino aciduptake on the
metabolism or to some interferences among channels or transporters in
cells, which may change the intracellular pH or ion composition.
The amino acid analogue BCH inhibited the reconstituted
transporter more efﬁciently than the B°AT1 in cell system [9]. The
difference may be due to altered experimental conditions caused by
uptake of BCH mediated by some of the several transport systems of
the cell membrane.
Thiol speciﬁc reagents inhibited the reconstituted transporter, as
previously found for ASCT2, indicating that some Cysmust be involved
in transport function. The transporter is very sensitive to mercurial
reagents, but not to maleimides and MTSET. It can be hypothesized
that the SH residue(s) involved in the inhibition may be located in a
small pocket of the protein, accessible to the-Hg+ residue of the
inhibitors, but not to the whole molecules of N-ethylmaleimide or
MTSET that, consequently, cannot came in close contact with the SH
residue for alkylating the protein. Since mersalyl is hydrophilic, it can
be deduced that the Cys residues responsible for the inhibition are
exposed towards the external face of the transporter. This is in
agreement with the hydropathy proﬁle of themouse B°AT1 protein [9]
(which is 96% identical to the rat orthologous; not shown), that
predicts the presence of four large hydrophilic loops exposed towards
the external side of the cell, which contains 6 of the 19 (18 in the rat
orthologous) Cys residues of the protein. The protection of the
mersalyl inhibition by the substrate indicated that the Cys residues
responsible of the interaction of the inhibitor with the protein is
located close to the substrate binding site; on this basis it can be
excluded that the mercurial reagent could interact with an hypothe-
tical accessory protein of the transport system.
The reconstitution of the B°-like transport system represents the
starting point for further studies to characterize the kinetics, the
transport mechanism and the regulation of the transporter. The
reconstituted system provides a tool for the analysis of heterologously
expressed B°-like transporters. This will help to gain insights in the
functional properties of orphan transporters which have been shown
to be expressed in kidney and other tissues and to be phylogenetically
related with B°AT1 transport system [13,14]. In addition the reco-
nstituted system would enable investigation on the role of accessory
subunits in the function of B°-like amino acid transporters as for
example collectrin for B°AT1 [36].
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